Membrane proteins, especially the α-helical ones such as G-protein coupled receptors (GPCRs), are considered extremely important owing to their significant biological roles. However, their expression and purification pose difficulties because of their poor solubility in water, which seriously impedes research progress in this field. Recently, QTY method, a revolutionary code-based protein engineering approach, was developed for the purpose of producing soluble transmembrane proteins. Here we describe a web server built for QTY design and certain analyses related to it (pss.sjtu.edu.cn). Typically, the Simple Design model is expected to take only 2-4 min, and the Library Design 2-5 h, of computer time, depending on target protein size and the number of transmembrane helices. Further, we describe a protocol for using the server with both Simple and Library Design modules. Protocols for experiments based on QTY design are also included. In summary, utilization of the web server, and associated protocols, will enable QTY-based protein-engineering to be implemented in a convenient, fast, accurate, and rational manner.
INTRODUCTION
Membrane proteins, consisting of approximately 20%~30% genome-encoded proteins, are known to play vital roles in most of organisms (1) . However, membrane proteins are still heavily under-represented in protein data banks owing to serious difficulties encountered in the expression and purification of these proteins because of their poor solubility (2) . The α-helical transmembrane (TM) proteins comprise the major category of membrane proteins. It is estimated that around 27% of all human proteins are α-helical membrane proteins (3) , among which, the GPCRs are most interesting (4, 5) . In our recently published study, which used GPCRs as model proteins, a code-based approach, named the QTY method, was successfully developed for solubilizing TM proteins. It is considered a revolutionary new method for making a membrane protein water-soluble (6) . The method was tested by making several GPCRs, including CCR5, CXCR4, CCR10 and CXCR7, water-soluble.
The results indicated that all artificial GPCR variants are water-soluble and able to maintain ligand-binding activity by slightly changing Km values. This method may be extensively used to modify other membrane proteins containing TM helices, including transporters and ion channels.
selected, but it can be changed if a user desires to use NTY code. The difference between the 2 codes is that the amino acid N instead of Q is used for substitution of amino acid L with NTY code (6) .
After the input, QTY substitution can be completed in seconds, because there is no time-consuming calculation step. For the Simple Design, the main cost in time is due to the comparisons that are performed to display details of the design in the output report. There are 5 comparisons in a standard Simple Design report (Supplementary File 2). The first one comprises general characteristics including calculated molecular weight (MW), isoelectric point (pI), and hydrophobicity (HY). These calculations are made using ProPAS software, and ExPASy server, developed previously (9, 10) . Comparisons of 15 well-elucidated human GPCRs and their QTY-designed variants are shown ( Table 1 ). All comparison data were directly copied from standard Simple Design reports. The second comparison is based on TM region prediction, achieved using a standalone version of the TMHMM V2.0 software (1, 8) . Detailed sequence alignments of a QTY designed protein and its origin was done using a Perl script, where a Perl SVG module(11) was used to draw the α-helix schematic. An interactive protein feature visualization software, Protter (12) , was also used to show the difference between the original proteins and the designed ones. This software is also able to predict TM regions, while it uses a serpentine-like map to show the secondary structure pattern of a protein. The membrane localization of a protein is also predicted and shown in the output map.
Moreover, a detailed comparison of each helix will also be shown in the report. RaptorX-Property (previous RaptorX-SS8)(13) software, ranked first in secondary structure prediction (14) , was incorporated to perform above comparison. Sequence alignments of TM regions and alignments of α-helix prediction results are shown in the last section of the report. In this section, the helical comparisons are shown using helical wheels of all TM regions. A modified helical wheel drawing software was used to prepare the wheel figure (http://rzlab.ucr.edu/scripts/wheel/wheel.cgi). All comparisons are integrated and presented in a PDF format report file that is to be sent to the user's email address (Supplementary File 2).
Library-Design
In the Simple Design module, all changeable amino acid residues within TM region(s) are substituted. Therefore, probability of designing a soluble protein is high. However, there is also high probability that the designed protein may loss its original functions. The rule that applies is: as more AA residues are changed, the possibility that the designed protein is soluble will increase, but the possibility that the protein is non-functional will also increase. Therefore, only the minimum number of amino acid residues that need to be changed to make the TM soluble must be changed, so that the key amino acid residues needed to maintain protein functions are retained untouched. This emphasize the need to find a balance between solubility and protein structure integrity.
To accomplish the above, a work flow program ( Fig. 4 ) was developed, based on the domain shuffling principle ( Fig. 5 ), to randomly change TM residues and screen all variants using a high-throughput procedure in silicon. There are approximately 85 changeable amino acid residues for a typical GPCR. Therefore, theoretically, there may be 2^85 random variants of a typical GPCR protein, which makes both library construction and screening impractical. Thus, a compromise approach using partially random method was developed for our server. In this approach, TM region prediction software TMHMM(1) and secondary structure prediction software RaptorX (15) were combined to rule out most insoluble or non-functional variants in silicon. TMHMM was used to determine if a modified α-helix is water-soluble, and RaptorX is used for determine if the modified TM region could still form α-helical structure. A scoring method was introduced to evaluate the balance. An example of the design of a typical 7-TM GPCR protein is shown ( Fig.5 ). As shown, there are 8 different designed variants for each TM region and The NTM (Non-TransMembrane) region is the same as that of the original protein.
There are 64 fragments of amino acid sequences in total. Next, the different domains are randomly integrated to form different full-length variants. Calculations indicate approximately 2 million (the 7th power of 8) QTY variants for each 7-TM GPCR library. In silicon filtering step in the Library Design is highly time-consuming and typically takes approximately 2 h for a single library design of a GPCR containing 7 TM regions.
Considering the time-consuming nature of the library design, we deposited 126 previously designed libraries of GPCRs in the server's database. Some selected proteins well screened for their physiological roles in health and disease, are shown ( Table 2 ). The complete list of deposited libraries is included in the supplementary file (Supplementary File 5). These are all the known human GPCRs that possess protein/peptide ligands. The library designed using these proteins may be screened using the yeast two hybrid (Y2H) method (16) , which is suitable for GPCRs with protein/peptide ligands that have been successfully used in our previous work (6) . By using the UniProt number as input and using default parameters, the deposited library designs can be immediately extracted, and sent to the user's email address. Alternatively, the server will run the of Library Design pipeline from scratch, and forward an email report to the user upon completion of the job.
There are 2 TXT format files in the standard report of the Library Design (Supplementary File 3). In one file, the sequences are separated into multiple lines for ease of printing and reading using a PC. In the other file, each sequence is presented as single long line, for the convenience of copying and editing using a computer. In our study, single-line files were sent to the company for their service.
Notepad++ is strongly recommended for opening the output files. Any other software compatible with TXT file editing may also be used.
DNA synthesis
A user of the PSS will receive an output of protein sequence(s). Next, it is usually required to design the corresponding DNA sequence(s), which can be used in subsequent protein expression and characterization experiments. In the Simple Design module, only one sequence is put out by the server.
Therefore, a user is only required to perform a reverse-translation for the following cloning and expression, with the translation codon usage bias in consideration. This may be performed with bioinformatics tools such as JCat (17) and OPTIMIZER(18), which have been repeatedly and successfully applied in our lab. This work may also be achieved through a commercial service, which is much convenient for most users.
For synthesis of the library, a user must seek help from a professional company experienced in DNA synthesis. Usually, most companies do not have a well-established method for library synthesis.
In our previous study, we aided 2 companies to establish the library synthesis approach. The service of these 2 companies, GenScript (Nanjing, China) and Ginkgo Bioworks (Boston, USA, previous Gen9), are available worldwide. In brief, the synthesis process is as follows: Each of the 64 fragments of AA sequences is reverse translated to the corresponding DNA sequences; next, overlap sequences are added to the ends of each DNA fragment for assembly; then, the DNA is synthesized and assembled using PCR. The final PCR product will be a mixture containing approximately 2 million variants (8^7).
This library can then be used in the follow up high-throughput screening such as Y2H.
Protein expression
Theoretically, any strategy or host s for protein expression may be used for expressing the designed protein. Therefore, users are encouraged to try different methods in performing protein expressing experiments. Here we will only be providing some advices for users based on our previous experiments. For expression of QTY designed human GPCRs, we have used E. coli, and insect cells as hosts. Insect cells appear to be highly suitable for expression, while using E. coli always causes difficulties related to inclusion-body issues. Other hosts system, such as the yeasts may also be suitable because Y2H always functions well for designed proteins, indicating that yeast expression may be good.
Implementation
The software workflow runs on a Linux server (Ubuntu 16.04 LTS). The main packages used for the implementation are TMHMM 2.0, ProPAS, RaptorX-Propert, NCBI BLAST 2.6.0+, and Perl 5.22.1 together with Bioperl modules. The responsive user interface is implemented using HTML 5 and JavaScript. To use the PSS web server, only a computer with an internet connection and a modern browser (e.g., the latest versions of Chrome, Safari, or Firefox) is required. A valid email address is needed for receiving the design results. Adobe Reader and Notepad++ may be used to view the designs. The PSS server may be accessed via http://pss.sjtu.edu.cn.
EVALUATION AND DISCUSSION
The QTY design was originally conducted with command-line tools written in the Perl programming language, which is executable on a variety of operating systems with a Perl interpreter installed.
Because many users prefer a graphic interface, the server was built with much broader group of users in mind. Generally, it comprises 2 major parts, namely the Simple-Design module and the Library-Design module which share the same input requirements (Fig. 1) . For the simple-design module, users are only required to indicate the region(s) that need to be changed, and PSS will perform a thorough QTY substitution in the selected region(s). Comparatively, the Library-Design module will perform a partial substitution in order to maintain the best possible balance between solubility of the protein and its structural integrity. The Library-Design output may be used to direct library synthesis followed by yeast-two-hybrid screening (Y2H).
Convenience evaluation
With the PSS server, one can perform designs by simply typing/pasting the sequences of target proteins. A user can also perform designs using only the UniProt number of a target protein. There are 3 different ways to input secondary structure data including the 3-state format SS3(13) (Supplementary File 1). PSS allows customized designs via input secondary structure data and/or regions that the user wants to modify. With proper input, PSS can perform the design rapidly. Finally, it will produce a detailed report for the design, in which differences between the QTY variant (MT) and the wild-type (WT) proteins can be easily checked. File(s) containing designed sequence(s) in plain text format are also provided for gene design and related DNA synthesis.
Performance and potential
The development of PSS began in 2013 and the main part was completed in 2016. Post 2016, many QTY designs were conducted using the server. Experiments aimed to test the design were also The RACT is for estimating the changing rate of amino acid sequence in TM regions, which was calculated through dividing the numbers of changed amino acids by summarized length of all the TM regions. f The RSC is for showing the changing rate of secondary structure, which was calculated through dividing the number of positions related to structure-changing by the whole length of the protein sequence. The 'R' in braces stand for receptor, and 'L' for ligand. 
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